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In this study, 73 South American red wines (Vitis vinifera) from 5 varietals were classiﬁed based on sen-
sory quality, retail price and antioxidant activity and characterised in relation to their phenolic compo-
sition. ORAC and DPPH assays were assessed to determine the antioxidant activity, and sensory
analysis was conducted by seven professional tasters using the Wine Spirits Education Trust’s structured
scales. The use of multivariate statistical techniques allowed the identiﬁcation of wines with the best
combination of sensory characteristics, price and antioxidant activity. The most favourable varieties were
Malbec, Cabernet Sauvignon, and Syrah produced in Chile and Argentina. Conversely, Pinot Noir wines
displayed the lowest sensory characteristics and antioxidant activity. These results suggest that the vol-
atile compounds may be the main substances responsible for differentiating red wines on the basis of
sensory evaluation.
 2011 Elsevier Ltd. Open access under the Elsevier OA license. 1. Introduction
Studies have shown that the phenolic contents of red wine
may explain the French paradox; that is, the ability to consume
a high-fat diet while maintaining a low incidence of atherosclero-
sis and other related coronary diseases in populations that drink
red wine daily (Renaud Lorgeril, 1992). There is some evidence
that certain age-related diseases occur because of the oxidation
of cell components caused by free radicals, and antioxidants pro-
tect the body by scavenging these reactive species (Zbarsky et al.,
2005; Zhang, Stanley, Adaim, Meton, Skinner, 2006). Free radicals
take an electron from neighbouring molecules/atoms to become
stable; however, this process generates other free radicals. This
chain reaction is thought to contribute to lipid peroxidation,
DNA damage, and protein degradation during oxidative-stress
events (Clarkson Thompson, 2000; Shahidi, 2009). The cells re-
spond to the oxidation promoted by the reactive species by
increasing the expression and activity of endogenous antioxidant
enzymes, namely catalase, glutathione peroxidase, glutathione
reductase, and superoxide dismutase. However, this response
may not be enough to scavenge and buffer the reactive species.
Hence, exogenous antioxidant compounds should be included in
the diet (De Zwart, Meerman, Cammandeur, Vermeulen, 1999).
In this regard, the phenolic materials in red wines represent a
suitable source of this exogenous protection..
sevier OA license. A well-balanced characterisation of the antioxidant capacity
and chemical composition of wines is therefore necessary to
determine their health effects. For example, Lotito, Renart, and
Fraga (2002) assessed the association between antioxidant activ-
ity, measured using the ABTS (2,2-azino-bis-3-ethylbenzothiazo-
line-6-sulphonic acid) method, and the content of total phenolic
compounds, (+)-catechin, and gallic acid of Argentina Cabernet
Sauvignon and Malbec red wines and observed high correlations
(r > 0.83, p < 0.05) between in vitro antioxidant activity and the
phenolic compounds concentration. In the same way, Que, Mao,
and Pan (2006) studied the effect of some phenolic compounds
on the free radical scavenging activity measured by the DPPH
(1,1-diphenyl-2-picrylhydrazyl) assay and veriﬁed that vanillic
acid, p-coumaric acid, and quercetin contributed minimally to
the antioxidant activity of wines. In a previous study, we ob-
served that both the total phenolic compounds and total ﬂavo-
noids, especially non-anthocyanin ﬂavonoids, were the main
substances responsible for in vitro antioxidant activity in Brazilian
red wines, as measured by ORAC (oxygen radical absorbance
capacity) and DPPH assays (Granato, Katayama, Castro, 2010).
The phenolic compounds present in red wine can be divided
into two major classes, based on their carbon skeletons: ﬂavonoids
and non-ﬂavonoids. Flavonoids include anthocyanidins (malvidin,
delphinidin, petunidin, peonidin, and cyanidin), ﬂavonols (querce-
tin, rutin, myricetin, and kaempferol), ﬂavanols (catechin, epicate-
chin, epicathecin 3-gallate, and gallocatechin), ﬂavones (luteolin,
apigenin), and ﬂavanones (naringenin). The main non-ﬂavonoid
phenolics include cynnamic acids (caffeic, p-coumaric, and ferulic
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enes (resveratrol) (Cheynier, 2006). These compounds are primar-
ily responsible for the health beneﬁts associated with moderate
red wine consumption. The quantities of these phenolic com-
pounds vary considerably in different types of wines depending
on the grape variety, environmental factors in the vineyard, the
wine processing techniques, soil and atmospheric conditions dur-
ing ripening, the ageing process, and berry maturation (Lachman,
Sulc, Schilla, 2007). Therefore, each type of grape presents distinct
biological activity, chemical composition, and sensory appeal.
It is not known whether the same phenolic compounds in-
volved in the sensory quality, and consequently the retail price,
of red wines are responsible for the wines’ antioxidant effects. Con-
sidering that these two aspects (sensory quality and health beneﬁt)
contribute to the consumer appeal of red wines, this study aimed
to characterise the phenolic composition of 73 V. vinifera red wines
from South America classiﬁed according to their antioxidant activ-
ity, retail price, and sensory quality.2. Materials and methods
2.1. Chemicals
Folin–Ciocalteu reagent, 2-20 azobis 2-methylpropionamedine
dihydrochloride (AAPH), 6-hydroxy-2,5,7,8-tetramethylchroman-
2-carboxylic acid (trolox), 1,1-diphenyl-2-picrylhydrazyl radical
(DPPH), 30,60-dihydroxyspiro[isobenzofuran-1[3H],90[9H]-
xanthen]-3-one (ﬂuorescein), and chemical HPLC-grade standards
(purityP 95%) of trans-resveratrol, gallic acid, caffeic acid,
p-coumaric acid, (+)-catechin, ()-epicatechin, vanillic acid, feru-
lic acid, kaempferol, quercetin, rutin, and myricetin were ob-
tained from Sigma (St. Louis, MO, USA). Methanol, acetonitrile,
and acetic acid were of HPLC grade, while the other reagents
used in the experiments were of analytical grade. The aqueous
solutions were prepared using ultra-pure Milli-Q water (Milli-
pore, São Paulo, SP, Brazil).
2.2. Red wine samples
A total of 73 red wines produced in Brazil (n = 20), Chile
(n = 28), and Argentina (n = 25) with the ﬁve most characteristic Vi-
tis vinifera red grape varieties (Merlot, Malbec, Pinot Noir, Cabernet
Sauvignon, and Syrah) were studied. Table 1 presents the samples
according to country and grape variety, including their commercial
value and vintage. The wines were purchased from 3 different
importers in São Paulo, SP, Brazil. Wines were brought to the lab-
oratory, aliquoted into 2 mL eppendorfs, immediately immersed in
liquid nitrogen and stored at 80 C for further analysis.
2.3. Instrumental colour, total phenolics, ﬂavonoids, and monomeric
anthocyanins
To assess the wines’ colour, a sample of approximately 50 mL
was separated from each bottle after, and colour measurements
were performed less than 4 min after the bottle was opened.
Instrumental colour measurement was conducted four times by
transmittance using a spectrophotometer (Model D25L-2, Hunter
Assoc. Laboratory, Reston, VA, USA) with a D65 optical sensor
and 10-degree angle of vision. The CIEL⁄a⁄b⁄ system was utilised,
in which two colour coordinates, redness (a⁄and yellowness (b⁄)
were measured, along with lightness (L⁄) and chroma (C⁄).
The total phenolic compound content of the redwineswas deter-
mined in triplicate, using the Folin–Ciocalteu method (Singleton
Rossi, 1965). The absorbancewasmeasured using a spectrophotom-
eter (ModelMini 1240UV–Vis, ShimadzuCorporation, Kyoto, Japan)at the wavelength of 725 nm. The total phenolic content was deter-
mined by a standard curve of gallic acid (0–200 mg/L), and the re-
sults were expressed as mg of gallic acid equivalents per litre (mg
GAE/L).
The total ﬂavonoid content of the red wines was determined in
triplicate, using the modiﬁed colourimetric method outlined by Jia,
Tang, and Wu (1999). The absorbance was measured with a spec-
trophotometer (Model Mini 1240 UV–Vis, Shimadzu Corporation,
Kyoto, Japan) at the wavelength of 510 nm. The ﬂavonoid content
was determined by a standard curve of catechin (0–100 mg/L)
and the results were expressed as mg catechin equivalents per litre
(mg CTE/L).
The monomeric anthocyanin content was determined using the
pH differential method (Lee, Durst, Wrolstadt, 2005). Following
this method, an aliquot of the red wine (250 lL) was added to
2.25 mL of pH 1.0 buffer (KCl, 0.025 mol/L). Another 250 lL of
red wine were also added to 2.25 mL of pH 4.5 buffer (CH3CO2Na,
0.40 mol/L). Absorbance was measured in a spectrophotometer
(Model Mini 1240 UV–Vis, Shimadzu Corporation, Kyoto, Japan)
at k = 510 nm and k = 700 nm. Results were calculated using Equa-
tion 1 and expressed as mg per litre (mg/L).
Total monomeric anthocyaninsðmg=LÞ
¼ ½ðAMW  D 100Þ=e ð1Þ
whereby A = (A510  A700)pH1.0  (A510  A700)pH4.5, e is cyanidin
3-glucoside molar absorbance (26,900), MW is the molecular
weight for cyanidin-3-glucoside (449.2), and D is a dilution factor
(10). The results in every assay were obtained from three replicates.
2.4. Measurement of in vitro antioxidant activity
Free radical-scavenging activity towards the 1,1-diphenyl-2-
picrylhydrazyl radical was determined in triplicate using the meth-
od previously proposed by Brand-Williams, Cuvelier, and Berset
(1995), with slight modiﬁcations. Brieﬂy, a 25 lL aliquot of red
wine (diluted 25 times in water) was mixed with 900 lL of meth-
anol and 5.0 lL of a methanolic DPPH solution (10.0 mmol/L). The
mixture was left to react in the dark for 30 min at 25 C, and then
absorbance at a wavelength of 517 nm was read using a spectro-
photometer (Model Mini 1240 UV–Vis, Shimadzu Corporation,
Kyoto, Japan). The antioxidant activity towards the DPPH radical
was calculated using Eq. (2):
% scavenging activity ¼ ½1 ðA517 sample=A517 blankÞ  100
ð2Þ
The oxygen radical absorbance capacity (ORAC) assay was con-
ducted to measure the peroxyl radical-scavenging activity of each
wine by following a method previously reported by Prior et al.
(2003). Brieﬂy, the samples were diluted (1:900) in 75 mmol/L
phosphate buffer (pH 7.1). Trolox standard solutions were prepared
at concentrations ranging from 6.25 to 100 lmol/L. The plate reader
(Multi-Detection microplate reader; Synergy-BIOTEK, Winooski, VT,
USA) was programmed to record the ﬂuorescence every minute
after the addition of AAPH (153 mmol/L in 75 mmol/L phosphate
buffer, pH 7.1) for 60 min, and the area under the curve of the ﬂuo-
rescence decay was integrated using Gen5 software. Each red wine’s
antioxidant activity was measured three times, and results are ex-
pressed as mmol Trolox equivalents per litre (mmol TE/L).
2.5. Sensory evaluation
Seven professional wine tasters (3 men and 4 women, aged 24–
46 years) were selected to evaluate the wine samples. The bottles
were opened roughly 30 min before tasting, and no information
about the type of red wine or its country of origin was provided
Table 1
Red wine sample data grouped by country, variety, vintage, retail price, colour properties, sensory attributes, and antioxidant activity.
Commercial information Antioxidant activity Sensory evaluation Instrumental
colour
Country Variety Vintage Retail Price
(US$)a
DPPHb ORACc Body Alcohol
level
Flavour
length
Flavour intensity Wine
age
Overall quality a⁄ c⁄
Sensory
scale
NA NA NA NA NA 1 = Light,
5 = Full
1 = Low;
5 = High
1 = Short,
5 = Long
1 = Low;
5 = Pronounced
years 1 = Faulty;
6 = Outstanding
NA NA
Brazil Pinot Noir (n = 5) 2008 16.75 47.93 13.87 2.51 2.91 2.37 2.43 2.57 2.97 52.60 64.61
Syrah (n = 1) 2006 8.43 64.75 29.80 3.14 3.29 3.14 3.29 2.36 3.71 39.17 43.14
Cabernet
Sauvignon (n= 9)
2005 24.71 66.44 29.59 2.78 3.32 2.75 2.89 2.79 3.38 47.95 57.66
Merlot (n = 5) 2006 15.04 51.22 25.95 2.63 3.14 2.17 2.46 3.00 2.89 48.12 56.82
Argentine Pinot Noir (n = 5) 2007 24.67 55.35 20.16 2.46 3.29 2.69 2.80 2.89 3.26 46.22 54.37
Malbec (n = 9) 2007 25.19 58.24 26.52 3.27 3.60 3.00 3.27 2.55 3.86 42.99 47.65
Syrah (n = 4) 2007 29.78 64.12 28.97 3.21 3.50 3.25 3.25 2.70 3.93 40.21 51.24
Cabernet
Sauvignon (n = 6)
2007 23.50 62.18 28.79 3.21 3.50 3.21 3.21 2.83 4.05 39.75 44.06
Merlot (n = 1) 2002 13.66 53.47 32.15 3.27 3.14 2.86 2.71 2.29 3.86 47.29 57.44
Chile Pinot Noir (n = 7) 2007 34.48 49.44 23.78 2.94 3.51 3.06 3.19 2.78 3.67 49.81 62.44
Syrah (n = 7) 2007 29.94 61.48 31.47 3.23 3.49 3.06 3.25 2.69 4.02 41.05 45.59
Cabernet
Sauvignon (n = 9)
2007 16.67 55.25 33.41 3.06 3.33 2.84 3.09 2.43 3.68 43.03b 48.16
Merlot (n = 3) 2007 28.27 63.00 33.71 3.14 3.71 3.05 3.00 2.68 3.71 47.02 54.45
Malbec (n = 2) 2007 31.10 66.70 35.11 3.50 3.57 3.36 3.21 2.29 4.29 41.43 45.03
NA = not applicable.
a The retail price corresponds to a bottle of 750 mL.
b Expressed as % of scavenging activity.
c Expressed as mmol TE/L.
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one group was evaluated per day. Samples were coded with ran-
dom 3-digit numbers and served monadically. To balance out any
possible order effects, the order of presentation was randomised
for each taster, and the wines were evaluated using a completely
randomised design (Macﬁe, Bratchell, Greenhoff, Vallis, 1989).
To reduce carry-over effects, a 4 min break was provided between
samples, during which the panelists were required to eat a piece of
bread and rinse their mouths thoroughly with spring water. Panel-
ists were presented with 50 mL samples at 17 C, which were
served in crystal tulip-shaped glasses. Assessors were seated in
separate booths, each with a uniform source of lighting and free
from the noise and distracting stimuli of the laboratory. The panel-
ists swirled and smelled each sample for about 15 s, then began to
rate the intensity of each attribute.
The following parameters were analysed: overall perception of
quality (1 = faulty, 3 = acceptable, 6 = outstanding), body (1 = light,
3 = medium, 5 = full), alcohol level (1 = low, 3 = medium, 5 = high),
ﬂavour length (1 = short, 3 = medium, 5 = long), ﬂavour intensity
(1 = low, 3 = medium, 5 = pronounced), and approximate wine
age (no scale). The intensity of each sensory parameter was mea-
sured with the structured scales applied to Levels 3 and 4 of the
Wine and Spirits Education Trust (2009), a worldwide wine school
that prepares professionals to taste all types of wines and spirits.
These scales are use by professionals worldwide to evaluate wine
quality. Thus, the sensory results obtained by the WSET method
seems to be the closest approach to the consumer’s perception.
All panelists were fully trained and had more than ﬁve years of
experience in evaluating all types of wine using these scales, which
means that the sensory evaluation of red wines with the WSET
scales was routine for all the assessors.
2.6. Quantiﬁcation of individual phenolic compounds
For high-performance liquid chromatography coupled with a
diode array and ﬂuorescence detection (HPLC–DAD–FL), Agilent
Technologies 1200 series equipment containing a quaternarypump, a 20 lL injection loop, and a UV detector was used. The
HPLC was controlled by a PC running HP Chem Station Software
system. Stock solutions of all standards were prepared in metha-
nol/water, and the calibration curves were obtained from triplicate
injections of at least ﬁve concentrations. For all standard curves,
correlation coefﬁcients (r) were above 0.990. For the HPLC analysis,
polyphenols were identiﬁed by comparing their retention times
with those of pure standards.
Flavanols (catechin, epicatechin), hydroxybenzoic acids (gallic
acid and vanillic acid), and hydroxycinnamic acids (caffeic acid,
p-coumaric acid, and ferulic acid) were measured in triplicate with
a Luna Phenomenex C18 column and a guard column kept at 30 C
with 200  4.6 mm i.d. 5 lm particle size. The mobile phases con-
sisted of acetonitrile, acetic acid, and water, where the gradient
elution conditions were as follows: 0 min (5% acetic acid: 15%
methanol; 80% water), 5 min (5% acetic acid: 20% methanol; 75%
water), and 40 min (5% acetic acid: 45% methanol; 50% water).
The ﬂow rate was 0.2 mL min1, and the injection volume was
20 lL (López et al., 2001). Before analysis, wines were ﬁltered with
a 0.45 lm ﬁlter with a PTFE membrane (Millipore, São Paulo, Bra-
zil). The programmable variable wavelength UV–Vis detector sys-
tem allows detecting at different wavelengths; so k = 271 nm for
gallic acid, k = 279 nm for (+)-catechin and ()-epicathechin,
k = 296 nm for vanillic and ferulic acids, k = 308 nm for p-coumaric
acid, and k = 325 nm for caffeic acid.
The trans-resveratrol and ﬂavonol (rutin, quercetin, myricetin,
and kaempferol) contents were measured in triplicate using a Luna
Phenomenex C18 column and guard column at 28 C with
250  4.6 mm i.d. 5 lm particle size. The mobile phases consisted
of A (water–acetonitrile–acetic acid, 67:32:1 v/v/v) and B (water–
acetic acid, 99:1 v/v). The gradient elution conditions were as fol-
lows: 0 min (20% A + 80% B); 4 min (30% A + 70% B); 8 min (40%
A + 60% B); 12 min (65% A + 35% B); 16 min (80% A + 20% B);
20 min (95% A + 5% B); 21.8 min (97% A + 3% B); 24 min (100% A)
and 60 min (100% A). The ﬂow rate was 0.8 mL min1 and the
injection volume was 20 lL (Quirós, Lage-Yusty, López-Hernán-
dez, 2009). Before analysis, wines were ﬁltered with a 0.45 lm ﬁl-
Price
r = 0.37, p < 0.01
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grammable variable wavelength UV–Vis detector system allows
detection at different wavelengths; so k = 360 nm was set to rutin
and kaempferol and k = 373 nmwas set to myricetin and quercetin.
The ﬂuorescence detector was set at kem = 392 nm and
kex = 300 nm for trans-resveratrol.8 9 10 11 12 13
Linkage Distance
DPPH
ORAC
Sensory quality
r = 0.53, p < 0.01
r = 0.46, p < 0.01
Fig. 1. Hierarchical cluster analysis (HCA) applied to the variables and the
respective correlation coefﬁcients and p-values.2.7. Statistical assessment
Data were presented as mean ± pooled standard deviation. A
bivariate linear correlationmatrix of the data, displayed in Pearson’s
correlation coefﬁcient (r), was produced to measure the association
between the response variables, and the signiﬁcance (p-value) of
such correlations was also provided. Retail price, antioxidant activ-
ity measured by ORAC and DPPH, and overall sensory perception of
quality were used to classify the set of red wines using hierarchical
cluster analysis (HCA) (Fig. 1). For this purpose, the values were
autoscaled, and sample similarities were calculated based on the
Euclidean distance and the Ward hierarchical agglomerative meth-
od. To characterise the red wines in each of the four suggested clus-
ters, Hartley’s or Levene’s testwas applied to check for homogeneity
of variances, and one-way ANOVA and Tukey’s HSD post hoc tests
were then conducted to identify contrasts among clusters. For the
variables that presented non-homogenous variances (p < 0.05), the
equivalent to ANOVAnon-parametric testwas used. p-Values below
0.05 were considered signiﬁcant. Statistica 9.0 software (Stat-Soft,
Tulsa, OK, USA) was used for all statistical procedures.3. Results
The results (Table 1) showed that the inhibition of DPPH ranged
from 47.93% to 66.70%, while the ORAC results varied from
13.87 mmol to 35.11 mmol TE/L. The redness of the wine varieties,
measured by the a⁄ coordinate, ranged from 39.17 to 52.60, while
the colour intensity (C⁄) ranged from 43.14 to 64.61. The phenolic
compound contents varied within grape varieties and also withinTable 2
Red wine sample data grouped by country, variety, and chemical composition.
Country Variety Chemical composition (mg/l)
Cinnamic acids Flavan-3-ols
p-coumaric
acid
Caffeic
acid
Ferulic
acid
Catechin Epi
Brazil Pinot Noir (n = 5) 6.17 3.80 0.80 59.15 28.
Syrah (n = 1) 6.97 5.42 1.14 121.17 36.
Cabernet Sauvignon (n = 9) 8.02 4.62 0.84 76.46 25.
Merlot (n = 5) 10.73 3.61 0.95 64.39 25.
Mean 8.17a 4.20ab 0.87 71.35b 27.
SD 2.47 1.25 0.29 38.73 12.
Argentina Pinot Noir (n = 5) 4.40 4.61 0.65 123.02 33.
Malbec (n = 9) 6.91 3.45 0.89 88.62 19.
Syrah (n= 4) 5.58 4.21 1.44 83.86 22.
Cabernet Sauvignon (n = 5) 4.81 2.74 0.99 116.18 24.
Merlot (n = 1) 7.56 3.03 0.55 85.57 20.
Mean 5.69b 3.63b 0.95 101.83ab 24.
SD 1.89 1.44 0.50 32.26 8.
Chile Pinot Noir (n = 7) 4.97 4.93 1.27 93.23 41.
Syrah (n = 7) 6.88 4.91 1.02 86.94 39.
Cabernet Sauvignon (n = 9) 4.98 4.95 0.97 125.61 29.
Merlot (n = 3) 7.51 4.87 0.99 149.14 30.
Malbec (n = 2) 7.21 4.30 1.45 67.84 44.
Mean 5.88b 4.88a 1.09 106.24a 37.
SD 1.81 1.60 0.30 63.60 10.
p (one-way
ANOVA)
<0.01 0.01 0.13 0.04 <0.
Different letters in the same column represent statistical different results according to tcountries, as observed in Table 2: trans-resveratrol (1.56–4.30 mg/
L), quercetin (5.18–21.81 mg/L), rutin (0.83–4.19), gallic acid
(13.88–69.87 mg/L), caffeic acid (2.74–4.95 mg/L), epicatechin
(19.75–44.53 mg/L), catechin (59.15–149.14 mg/L), myricetin
(13.03–46.69 mg/L), ferulic acid (0.55–1.45 mg/L), p-coumaric acid
(4.40–10.73 mg/L), vanillic acid (0.00–1.15 mg/L), and kaempferol
(0.00–1.86 mg/L). All these results are in accordance with previous
studies in which red wines from diverse grape varieties and coun-
tries were evaluated (Bartolomé, Gómez-Cordovés, Monagas,
2006; Brenna Pagliarini, 2001).
In the sensory evaluation, only one sample presented an unsatis-
factory quality,with amean for overall sensory quality ranging from
‘‘poor’’ to ‘‘acceptable’’. A total of 11 samples (15%) garnered scores
between ‘‘acceptable’’ and ‘‘good’’, 49 samples (67%) scoredbetween
‘‘good’’ and ‘‘very good’’, while 12 wines (16%) were consideredBenzoic acids Flavonols Stilbene
catechin Gallic
acid
Vanillic
acid
Kaempferol Myricetin Quercetin Rutin Trans-
reveratrol
40 13.88 0.26 0.25 15.20 7.87 0.83 3.82
39 52.94 0.50 1.05 18.02 11.73 2.64 2.83
64 37.92 0.16 0.26 28.51 9.08 2.95 3.34
88 32.48 0.92 0.30 42.17 12.24 2.51 3.55
93b 31.29b 0.39 0.31b 28.07 9.70b 2.30 3.49a
17 17.93 0.51 0.47 13.82 5.05 1.26 1.13
99 27.64 0.70 0.30 15.63 5.18 1.61 2.90
75 41.75 0.66 0.16 34.48 8.40 2.40 2.36
73 55.33 0.29 0.72 40.53 13.84 2.62 3.41
03 62.71 0.50 0.60 35.87 12.83 3.09 1.56
12 63.24 1.15 0.00 23.36 8.73 2.51 2.66
09b 46.13a 0.57 0.38b 32.01 9.69b 2.44 2.45b
06 20.49 0.41 0.43 11.91 4.55 1.24 1.02
72 41.96 0.30 0.40 13.03 5.18 1.53 4.30
54 44.01 0.42 1.22 32.13 18.52 2.74 3.14
65 51.06 0.71 1.14 26.67 13.66 3.67 2.10
69 69.87 0.83 1.45 31.40 19.21 2.47 4.21
53 33.49 0.00 1.86 46.69 21.81 4.19 2.07
13a 47.78a 0.49 1.06a 25.56 15.08a 2.81 3.14ab
29 17.30 0.61 0.71 13.59 5.97 1.30 1.59
01 <0.01 0.52 <0.01 0.31 <0.01 0.35 0.02
he Tukey’s HSD test (p < 0.05).
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tential of South American red wines. In general, the Chilean and
Argentinean wines presented higher means (p < 0.05) for the sen-
sory attributes, and the Chilean samples presented a higher ORAC
value (p > 0.05) compared with Brazilian wines (Table 1).
The results of this research disclosed signiﬁcant (p < 0.01) corre-
lations between antioxidant activity, measured by ORAC and DPPH
assays, and spectrophotometrically measured total phenolic com-
pounds (r = 0.61; r = 0.59, respectively) and total ﬂavonoids
(r = 0.51; r = 0.67, respectively). The phenolic compounds that dis-
played signiﬁcant (p < 0.05) correlations with either the ORAC or
DPPH assays were quercetin, rutin, myricetin, gallic acid, catechin,
ferulic acid, and kaempferol. Conversely, the correlations between
antioxidant capacity and the levels of trans-resveratrol, p-coumaric
acid, epicathechin, total monomeric anthocyanins, caffeic acid,
vanillic acid, and total non-ﬂavonoid phenolics were sparse and
non-signiﬁcant (p > 0.05).
The results of Pearson’s correlation analysis showed a signiﬁ-
cant (p < 0.01) association between retail price and sensory quality
(r = 0.37), ORAC and DPPH (r = 0.53), and ORAC and sensory quality
(r = 0.53). Using retail price, ORAC, DPPH, and sensory quality toTable 3
Chemical, sensory, colorimetric, and antioxidant activity characterisation of samples inclu
Response variables Cluster 1 (n = 17) Cluster 2
Antioxidant activity
ORAC (mmol TE/L) 29.06a 31.93a
DPPH (% scavenging activity) 61.25a 61.92a
Commercial information
Retail price (US$/750 mL) 43.99a 19.89b
Vintage 2006 2006
Instrumental colour
Colour intensity (c⁄) 51.91ab 47.34b
Redness (a⁄ coordinate) 45.11ab 41.16b
Phenolic composition (mg/L)
p-Coumaric acid 6.61 5.89
Catechin 80.38 106.57
Epicathechin 28.53 29.88
Gallic acid 47.45a 49.74a
Caffeic acid 4.30 4.08
Ferulic acid 1.15 0.98
Vanillic acid 0.23 0.53
Myricetin 34.87a 31.49a
Kaempferol 0.77 0.83
Rutin 3.09 2.51
Quercetin 14.25a 13.65a
Trans-resveratrol 3.39 2.58
Monomeric anthocyanins 67.00 79.18
Total ﬂavonoids 1087.89a 1102.24a
Total phenolics 1562.81a 1490.32a
Sensory properties
Alcohol level (1 = Low; 5 = High) 3.52a 3.46ab
Body (1 = Light, 5 = Full) 3.21a 3.11a
Flavour length (1 = Short, 5 = Long) 3.22a 3.10a
Wine age (years) 2.92 2.61
Overall sensory quality (1 = Faulty; 6 = Outstanding) 3.88a 4.02a
Flavour intensity (1 = Low; 5 = Pronounced) 3.27a 3.27a
Grape variety in each cluster
Pinot Noir (n = 17) 3 2
Cabernet Sauvignon (24) 5 10
Malbec (n = 11) 3 6
Merlot (n = 9) 1 2
Syrah (n = 12) 5 5
Number of samples in each cluster
Brazil (n = 20) 3 3
Chile (n = 28) 6 11
Argentina (n = 25) 8 11
NA = not applicable; different letters in the same line represent statistical different resu
a PSD = pooled standard deviation.
b Probability values obtained by Hartley test (F max) for homogeneity of variances.
c Probability values obtained by one-way ANOVA.classify the 73 red wines, four clusters were suggested (Table 3):
Wines in Cluster 2 presented the best combination of sensory qual-
ity, antioxidant activity, and retail price. This cluster was charac-
terised by the Cabernet Sauvignon, Syrah, and Malbec made in
Argentina and Chile. Samples in Clusters 1 and 4 displayed similar
(p > 0.05) antioxidant activity, but the former was more expensive
and the latter presented a lower sensory quality. Cluster 3 included
the samples with lower antioxidant activity and sensory quality.
The data from Table 3 suggested that the antioxidant activity
was determined by the total content of phenolic compounds and
ﬂavonoids.4. Discussion
A signiﬁcant variance in phenolic composition, colour, and anti-
oxidant activity among grape varieties and even within countries
was observed (Tables 1 and 2). Recent studies have disclosed that
the phenolic composition and antioxidant activity of red wines
can be strongly affected both quantitatively and qualitatively by
the grape varietal, environmental factors, grape ripeness, pressingded in the selected clusters.
(n = 25) Cluster 3 (n = 18) Cluster 4 (n = 13) PSDa p-Valueb p-Valuec
18.85b 29.45a 8.42 0.59 <0.01
47.93b 60.51a 9.03 0.11 <0.01
17.25b 15.87b 14.14 0.07 <0.01
2007 2006 NA NA NA
57.88a 56.31ab 10.79 0.53 <0.01
48.51a 47.47a 7.11 0.95 <0.01
6.41 7.36 2.28 0.49 0.31
85.54 105.94 49.80 0.26 0.25
29.97 33.01 11.76 0.83 0.78
28.59b 42.50ab 19.68 0.38 <0.01
4.31 4.52 1.53 0.69 0.86
0.82 0.98 0.38 0.17 0.09
0.60 0.61 0.52 0.07 0.12
19.53b 28.77ab 13.14 0.84 <0.01
0.40 0.34 0.66 0.05 0.05
2.01 2.64 1.27 0.29 0.09
8.46b 9.45ab 11.76 0.14 <0.01
3.26 2.93 1.34 0.85 0.21
101.54 86.05 55.67 0.38 0.32
867.93b 1083.93a 230.22 0.07 <0.01
1275.68b 1578.13a 241.69 0.12 <0.01
3.23b 3.32ab 0.33 0.77 <0.01
2.76b 2.73b 0.39 0.11 <0.01
2.65b 2.34b 0.47 0.07 <0.01
2.64 2.53 0.50 0.10 0.13
3.28b 3.04b 0.53 0.13 <0.01
2.79b 2.67b 0.43 0.02 <0.01
11 1
3 6
2 0
2 4
0 2
7 7
6 5
5 1
lts (p < 0.05).
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ture of fermentation, the use of enzymes, the type of oak used dur-
ing ageing and the extent to which the wine was aged (Alén-Ruiz,
García-Falcón, Pérez-Lamela, Martínez-Carballo, Simal-Gándara,
2009; García-Falcón, Pérez-Lamela, Martínez-Carballo, Simal-
Gándara, 2007).
In this study, we found that among all 12 phenolic compounds
evaluated, gallic acid, myricetin, and quercetin were the com-
pounds responsible for differences in the antioxidant activity
among clusters, corroborating the results reported in previous
studies (Alén-Ruiz et al., 2009; Arnous, Makris, Kefalas, 2001;
Brenna Pagliarini, 2001; Cimino, Sulfaro, Trombetta, Saija, Tom-
aino, 2007; Di Majo, La Guardia, Giammanco, La Neve, Giam-
manco, 2008; Lotito et al., 2002). As mentioned before, the total
content of monomeric anthocyanins did not signiﬁcantly correlate
to any antioxidant activity assay, corroborating the ﬁndings of
Granato et al. (2010) and Giovanelli (2005). However, it is impor-
tant to note that when individual anthocyanins and proanthocy-
anidins (dimers, trimers and polymers) are quantiﬁed, a
signiﬁcant correlation between these compounds and the antiox-
idant activity is attained (Salaha, Kallithraka, Marmaras, Koussissi,
Tzourou, 2008). Therefore, it is possible to assume that quercetin,
gallic acid, and myricetin, along with other phenolics compounds
such as proanthocyanidins, contribute signiﬁcantly to the in vitro
antioxidant activity of red wines.
The antioxidant activity of phenolic compounds, especially
ﬂavonoids, is due on one hand to the number and acidity of their
phenolic hydroxyl groups, and on the other hand to the resonance
between the free electron pair on the phenolic oxygen and the ben-
zene ring, which increases electron delocalisation and confers a
partial negative charge and thus a nucleophilic character upon
the substitution position adjacent to the hydroxyl group (Cheynier,
2006). The A-ring shared by all wine ﬂavonoids possesses two
nucleophilic sites, in the C8 and C6 positions, due to the hydroxyl
groups’ activation of its phloroglucinol (1,3,5-trihydroxy)-type
structure (Mira, Silva, Santos, Caroço, Justino, 2002).
Quercetin and (+)-catechin (Fig. 2) have 5 hydroxyl groups in
the same positions, but quercetin also contains the 2,3-double
bond in the C ring and the 4-oxo function (Cheynier, 2006). This
structure enhances quercetin’s total antioxidant activity towardsFig. 2. Some phenolic compounds measured in south american red wines: (a) gallic ac
p-coumaric acid, and (h) caffeic acid.free radicals by allowing electron delocalisation across the mole-
cule. In our study, both (+)-catechin (r = 0.33, p < 0.01) and querce-
tin (r = 0.37, p < 0.01) correlated with the antioxidant activity
measured by ORAC, but only the quercetin content was signiﬁ-
cantly different among clusters. These results imply that the 2,3-
double bond in the C-ring and the 4-oxo function may be respon-
sible for the higher antioxidant activity of ﬂavonols compared with
ﬂavan-3-ols.
Another observation was that the ﬂavonols kaempferol (4 –OH
groups) and myricetin (6 –OH groups) (Fig. 2) correlated
(p < 0.01) to ORAC (r = 0.37, r = 0.32, respectively), and both contain
the 2,3-double bond in the C-ring and the 4-oxo function. However,
only the myricetin content differed (p < 0.05) among clusters. This
result supports the fact that the number of hydroxyl groups inﬂu-
ences the antioxidant activity of ﬂavonoids. In our study, neither ru-
tin nor monomeric anthocyanins, which are glycosylated
ﬂavonoids, inﬂuenced the antioxidant activity among clusters,
which suggests that the glycosylation remarkably decreases the
nucleophilic power, and thus the antioxidant activity, of ﬂavonoids
compared with their respective aglycones.
The antioxidant activity of phenolic acids (hydroxybenzoic and
hydroxycinnamic acids) basically depends on the number of hy-
droxyl groups in the molecule (Rice-Evans, Miller, Paganga,
1996). The monohydroxy benzoic acids, such as vanillic acid, show
weak antioxidant activity due to the low reactivity of the hydroxyl
radical (Cheynier, 2006). On the other hand, trihydroxy benzoic
acids, such as gallic acid (Fig. 2), have a strong antioxidant activity
because of the nucleophilic power of their three available hydroxyl
groups, which have a considerable reducing capacity. In our study,
p-coumaric acid (1 –OH group) and caffeic acid (2 –OH groups) did
not correlate with the antioxidant activity measured by either
ORAC or DPPH, but ferulic acid (1 –OH group and 1 –OCH3) con-
tents correlated with ORAC (r = 0.30, p = 0.01). Ferulic acid is, in-
deed, more effective at scavenging free radicals than p-coumaric
acid because the electron-donating methoxy group increases the
stabilisation of free radicals through electron delocalisation after
hydrogen donation by the hydroxyl group (Rice-Evans et al.,
1996). Thus, the antioxidant activity of hydroxybenzoic acids de-
pends on the number of hydroxyl groups in the molecule, whereas
for hydroxycinnamic acids, the presence of methoxy groupsid, (b) quercetin, (c) myricetin, (d) ferulic acid, (e) (+)-catechin, (f) kaempferol, (g)
372 D. Granato et al. / Food Chemistry 129 (2011) 366–373seemed to positively inﬂuence the antioxidant activity in red
wines.
Most of the above-mentioned studies evaluate the antioxidant
activity and phenolic composition of red wines and support their
conclusions with a Pearson linear correlation, meaning that higher
concentrations of these compounds in wine samples suggested
higher antioxidant activity. In our study, our observations were
supported by both linear correlations and the analysis of variance
(one-way ANOVA) among the four clusters. Although correlation
studies are extremely useful, they do not imply a cause-effect rela-
tionship between the variables, and it is possible that other covar-
iants are contributing to the response. In contrast, a one-factor
ANOVA applied to the response variables within clusters yields a
very speciﬁc evaluation of the variable’s impact on the response.
Using this method, our study demonstrated that among all the
12 phenolic compounds evaluated, gallic acid, myricetin, and quer-
cetin inﬂuenced more remarkably on the antioxidant activity of
wines. However, the antioxidant activity of these red wines is also
highly inﬂuenced by other phenolic compounds such as mono-
meric anthocyanins and proanthocyanidins. Moreover, it is impor-
tant to point out that the in vitro antioxidant activity of wines
depends on many factors in addition to the phenolic composition,
including the free radical concentration, the time employed in the
assay, the dilution factor of the sample, the bond dissociation en-
ergy between oxygen and a phenolic hydrogen, pH, reduction po-
tential, solubility, stereochemical structure, and delocalisation of
the antioxidant radicals (Cao et al., 2007). In addition, red wine is
a complex matrix that contains large quantities of organic materi-
als (phenolics and non-phenolics), inorganic materials (minerals),
and enzymes that affect directly the biological activity of the wine.
Thus, although we identiﬁed the three compounds with the great-
est contribution to the antioxidant activity, their concentration is
not enough to predict the antioxidant value of red wines.
Table 3 shows that none of the phenolic compounds evaluated in
this study could be associated with the sensory difference among
clusters. This result indicates that other compounds, especially the
volatile ones, may be primarily responsible for sensory differences
among wines. In this regard, Cejudo-Bastante, Hermosín-Gutiérrez,
and Pérez-Coello (2011) studied the phenolic composition and sen-
sory attributes of Merlot wines from Spain and veriﬁed that the
phenolics (caffeic, ferulic, and p-coumaric acids, ﬂavonols, and
monomeric anthocyanins) in wines that underwent micro-oxygen-
ation and ageing in an American oak barrel for 25 days did not
change signiﬁcantly (p > 0.05). However, the authors noticed that
the concentration of aldehydes, alcohols, terpenes, isoprenoids,
and benzenic compounds increased signiﬁcantly (p < 0.05), along
with the odour and aromatic qualities of these wines. Similarly,
Sáenz-Navajas, Campo, Fernández-Zurbano, Valentin, and Ferreira
(2010) studied the effect of polyphenols and volatile compounds
on the sensory properties of Chardonay and Tempranillo wines
and found that polyphenols are responsible for astringency and bit-
terness in wines, but had no signiﬁcant impact on odour, and that
taste and astringency are primarily driven by non-volatile mole-
cules in these wines, while global odour intensity depends on the
volatile compounds. In a recent study conducted by our group
(unpublished data), we veriﬁed that the intensity of odours and
the overall perception of sensory quality of red wines from South
America could be adroitly predicted without the panelists swirling
the samples, corroborating the fact that wine odour plays an impor-
tant and decisive role in wine quality.5. Conclusions
With the use of multivariate statistical techniques, it was possi-
ble to conclude that the red wines in Cluster 2 presented the bestcombination of sensory characteristics, price and antioxidant activ-
ity. Themainwines in this clusterwereMalbec, Cabernet Sauvignon,
and Syrah produced in Chile and Argentina. None of the phenolic
compounds evaluated in this study couldbe associatedwith the sen-
sory difference among clusters, howeverwe believe that other com-
pounds, probably the volatiles, may be the main substances that
differentiate red wines during sensory evaluation.Acknowledgements
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